ABSTRACT Ovalbumin is the predominant protein in egg white and is widely used in cell culture. However, it also can be used to produce peptides with various functional properties. The objectives of this study were to hydrolyze ovalbumin using various enzyme, incubation time, and temperature combinations, and to compare the functional properties of the hydrolysates. Ovalbumin (20 mg/mL) was hydrolyzed with 1% of pepsin, trypsin, α-chymotrypsin, papain, and alcalase, singly or in combination at 37°C, and then the enzymes were inactivated at 100°C for 15 min. Hydrolyzing ovalbumin with pepsin (OAPe), pepsin + papain (OAPePa), pepsin + alcalase (OAPeAl), alcalase + trypsin (OAAlTr), and α-chymotrypsin (OACh) was also effective in producing peptides from ovalbumin, and the peptides produced had strong iron-and copper-binding capacities and antioxidant capability. However, the best treatment of all was the OAAlTr treatment, which showed the highest iron-chelating and antioxidant activities among the enzyme treatments (P < 0.05). Electrospray-ionization mass spectrometry (MS/MS) analysis identified numerous peptides (<5 kDa) from the OAPe, OAPeAl, OACh, OAAlTr, and OAPePa hydrolysates of ovalbumin, but the number and size of peptides varied widely depending on the treatments. The enzymatic hydrolysis significantly increased the functionality of ovalbumin, and the improvement depended upon the composition of peptides produced rather than the number of the peptides produced.
INTRODUCTION
Ovalbumin is the major protein in egg white, which takes 54% of the total egg white proteins. Ovalbumin is a glycoprotein with 386 amino acids with molecular weight of 45,000 Da and isoelectric point (pI) of 4.5 (Stadelman and Cotterill, 2001 ). Ovalbumin does not have the classical N-terminal leader sequence even though it is considered as a secretory protein. Two genetic polymorphisms of ovalbumin, which are Glu-Gln substitution at residue 290 and Asn-Asp substitution at residue 312, have been reported (Huntington and Stein, 2001) . Ovalbumin has 3 sites of postsynthetic modifications in addition to the N-terminal acetyl group (Nisbet et al., 1981) . It is made of 3 subunits, A1, A2, and A3, which differ in the number of phosphate attached. Subunit A1 has 2 phosphate groups and A2 has 1, but A3 has no phosphate group attached. Because ovalbumin consists of carbohydrates and phosphate groups, it is also considered as a phosphoglycoprotein. Ovalbumin is the only egg white protein that consists of free sulfhydryl groups, and each molecule carries 4 sulfhydryl groups. Three out of the 4 SH groups in ovalbumin are reactive to p-chloromercuribenzoate in native conditions. Because ovalbumin contains sulfhydryl groups, it is also known as S-ovalbumin and is more heat resistant than ovotransferrin (Stadelman and Cotterill, 2001 ). Separation of ovalbumin was done as early as in 1900 using a high concentration of ammonium sulfate under acidic conditions (Hopkins, 1900; Chick and Martin, 1913) . In recent years, ovalbumin with high purity was separated using a liquid chromatography (Awadé and Efstathiou, 1999) , gel electrophoresis (Desert et al., 2001) , foam fractionation (Ward et al., 2007) , and 2-stage polyethersulfone flat-disk membrane (Datta et al., 2009 ). However, none of the methods could be used for the scale-up preparation of ovalbumin due to limited sample handling capacity or the complexity of procedures. Recently, Abeyrathne et al. (2013) separated ovalbumin using low concentration ammonium sulfate and citric acid combinations. The purity of the sepa-rated ovalbumin was more than 85% with a yield more than 97%, and this procedure could be used to separate the protein in a small scale as well as in a large scale.
Ovalbumin was mainly used as a protein source and recognized for its nutritional value. However, hydrolysis of ovalbumin using enzymes such as pepsin and thermolysin produced peptides with remarkable functional characteristics: Fujita et al. (2000) found that the peptides produced from ovalbumin using pepsin, trypsin, and thermolysin had excellent angiotensin-Iconverting enzyme (ACE) inhibitory activities . showed that hydrolysis of ovalbumin with pepsin and other enzymes produced bioactive peptides. They indicated that 2 peptides with amino acid sequence of Phe-Arg-AlaAsp-His-Pro-Phe-Leu (ovokinin) and Arg-Ala-Asp-HisPhe-Leu (ovokinin 2-7) had good inhibitory activities against ACE. Also, they exhibited antihypertensive activity against spontaneously hypertensive rats. Angiotensin I-converting enzyme induces hypertension and causes serious problems in both developed and developing countries. Manso et al. (2008) reported that the peptides derived from ovalbumin showed a strong inhibitory activity against reactive oxygen species (ROS). They reported that oral intake of these peptides for short period reduced the blood pressure in spontaneously hypertensive rats. Chiang et al. (2006) reported that the peptides produced from egg white proteins using thermolysin also showed good ACE-inhibitory as well as antioxidant activities. Free radicals, including ROS, caused lipid oxidation as well as protein and DNA oxidation. They reported that oral intake of these peptides for short period reduced the blood pressure in spontaneously hypertensive rats. Yu et al. (2012) purified peptides from the enzymatic hydrolysates of egg white and found that peptides with the amino acid sequence of RVPSLM, TPSPR, DLQGK, AGLAPY, RVPSL, DHPFLF, HAEIN, QIGLF, HANENIF, VKE-LY, and TNGIIR showed strong ACE-inhibitory as well as antioxidant activities. The objective of this study is to develop bioactive peptides from ovalbumin using enzyme hydrolysis and test their ACE inhibitory, metal binding, and antioxidant activities.
MATERIALS AND METHODS

Materials and Enzymatic Hydrolysis
Medium size fresh brown chicken eggs (less than 5 d old) were purchased from a local market to separate ovalbumin using the ammonium sulfate and citric acid combination method of Abeyrathne et al. (2013) . Pepsin, trypsin, α-chymotrypsin, protease from Bacillus licheniformis (Alcalase 2.4L), and papain were purchased from Sigma-Aldrich (St. Louis, MO), and ammonium sulfate and citric acid were purchased from Fisher Scientific (Thermo Fisher Scientific Inc., Waltham, MA).
Lyophilized ovalbumin was dissolved in distilled water at a concentration of 20 mg/mL and then the pH of the solution was adjusted for the optimal conditions for each enzyme (pepsin pH 2.5, α-chymotrypsin pH 7.6, trypsin pH 7.8, papain pH 6.5, and alcalase pH 6.5) at 37°C. For the single enzyme treatments, pepsin, α-chymotrypsin, trypsin, papain, or alcalase was added to the ovalbumin solution to make 1% enzyme solution and then incubated at 37°C for 0, 3, 6, 9, 12, and 24 h (0 h incubation refers to immediately after the addition of enzyme). To inactivate the added enzymes at the end of the incubation time, the solution was heated for 15 min at 100°C. For the 2-enzyme combination treatments, 2 enzymes were incubated with ovalbumin in sequence: ovalbumin was treated with the first enzyme as described in the single enzyme treatments, and then the second enzyme was used to hydrolyze the first-enzyme hydrolysates. Two-enzyme treatments were used to breakdown the large peptides from the first enzyme hydrolysates. Among the single enzyme treatments, incubating ovalbumin with 1% pepsin for 3 h at 37°C followed by 100°C heat-inactivation and 1% alcalase for 3 h in 37°C followed by heat-inactivation hydrolyzed ovalbumin were the best, and they were selected as the first enzyme treatments. The second enzyme treatments selected were 1% papain, alcalase, and trypsin, and the samples were incubated at 37°C for 0, 3, 6, 9, 12, and 24 h after the first enzyme treatment. α-Chymotrypsin was not used as the first enzyme treatment because this enzyme did not hydrolyze ovalbumin well. Sodium dodecyl sulfate-PAGE was used to analyze the level of hydrolysis after treating ovalbumin with the enzymes. All the 2-enzyme combinations were tested and the best enzyme combinations were selected for the functionality study.
SDS-PAGE
Fifteen percent SDS-PAGE gels were prepared to analyze the peptides derived from ovalbumin. The SDS-PAGE was conducted under reduced conditions using a Mini-Protein II cell (Bio-Rad) and stained with Coomassie Brilliant Blue R-250 (Sigma-Aldrich; Price and Nairn, 2009 ).
Measurement of Functional Properties
To measure the functional properties of the hydrolyzed peptides in ovalbumin, 5 best treatments, which hydrolyzed the ovalbumin to small peptides, were selected after analyzing the SDS-PAGE pictures and physical appearance (turbidity or precipitation) of the hydrolysates. Hydrolysates prepared from the solutions containing 20 mg of ovalbumin/mL were used for analyses without further treatments.
Antioxidant Activity
An oil-in-water emulsion was prepared by homogenizing 1.0 g of corn oil (Ottogi Company, Seoul, Korea) and 100 µL of Tween-20 with 100 mL of distilled water using a polytron homogenizer (Kinematica, Lucerne, Switzerland) for 2 min in an ice bath at full power. The emulsion was physically stable during the incubation period at 37°C. Samples for lipid oxidation assay was prepared by mixing 8 mL of oil emulsion, 0.5 mL of 0.2% ascorbic acid (Sigma-Aldrich), 0.5 mL of 200 mg/ kg Fe 2+ (FeSO 4 , Sigma-Aldrich) and 1 mL of hydrolyzed ovalbumin products, and were incubated at 37°C for 16 h. At the end of incubation, 1 mL of the sample was transferred to a 15-mL Falcon tube, added with 2 mL of TBA/trichloroacetic acid solution (20 mM TBA/15% TCA; wt/vol) and 50 µL of 10% butylated hydroxyanisole in 90% ethanol, and vortex-mixed. The mixture was incubated in a 90°C water bath for 15 min to develop color. The sample was cooled in an ice bath for 10 min and centrifuged at 3,000 × g for 15 min at 5°C. The absorbance of the solution was measured at 532 nm against a blank prepared with 1 mL of distilled water and 2 mL of TBA/TCA solution. The amounts of TBARS were expressed as milligrams of malondialdehyde per liter of emulsion.
Fe 2+ -Chelating Activity
The metal binding capability of peptides is important because chelation of iron can help prevent oxidation of lipids, and thus can be used in the food industry as a preservative (Lechevalier et al., 2007) . The Fe-chelating activity of the hydrolysates was measured using the ferrozine method (Carter, 1971 ) with some modifications. One hundred microliters of the hydrolysates, 0.9 mL of distilled water, and 1 mL of 10 mg/kg Fe 2+ (FeSO 4 , Sigma-Aldrich) were vortex-mixed in a 15-mL Falcon tube and incubated for 5 min at room temperature. To remove the proteins and peptides in the sample, 900 µL of 11.3% TCA was added and then centrifuged at 2,500 × g for 10 min at 5°C. One milliliter of the supernatant was transferred to a disposable culture tube, and 1 mL of distilled water, 800 µL of 10% ammonium acetate (Fisher Scientific), and 200 µL of ferroin color indicator (75 mg of ferrozine, 75 mg of neocuprion, and 1 drop of 6 N HCl in 25 mL of distilled water) were added and vortex-mixed. After 5 min of incubation at room temperature, the absorbance was measured at 562 nm. The Fe chelating activity was calculated using the following equation:
Fe chelating activity (%) = [1 − (sample absorbance/ blank absorbance)] × 100.
Cu 2+ -Chelating Activity
The Cu-chelating activity of the hydrolyzed albumin was measured using the method of Kong and Xiong (2006) with some modifications. One milliliter of 0.2 mM CuSO 4 was mixed with 1 mL of hydrolysate in a 15-mL Falcon tube and incubated for 5 min at room temperature. After adding 1 mL of 11.3% TCA solution, the sample was centrifuged at 2,500 × g for 10 min at 5°C. Two milliliter of the supernatant was transferred to a disposable culture tubes and then added with 1 mL of 10% pyridine and 20 µL of 0.1% pyrocatechol violet (Sigma-Aldrich), vortex-mixed, and incubated for 5 min at room temperature. The absorbance of the samples was measured at 632 nm and the chelating activity was measured using the following equation:
Cu chelating activity (%) = [1 − (sample absorbance/ blank absorbance)] × 100.
ACE-Inhibitory Activity
The ACE-inhibitory activity of the hydrolysates was measured using the method of Miguel et al. (2007) and Yu et al. (2012) with some modifications. An aliquot of sample (40 µL) was incubated with 100 µL of 0.1 M borate buffer (pH 8.3) containing 5 mM of hippurylhistidil-leucine, 0.3 M NaCl, and 20 µL of ACE (0.1 U) at 37°C for 30 min. After incubation, the reaction was stopped by adding 150 µL of 1 M HCl. The hippuric acid formed was extracted with 1,000 µL of ethyl acetate and centrifuged at 1,500 × g for 10 min at 5°C. The organic phase (750 µL) was transferred to a scintillation vial and the ethyl acetate was evaporated in a dry heat block at 95°C. The resulting sample was dissolved with 800 µL of distilled water and the absorbance was measured at 228 nm against a blank prepared with 40 µL of distilled water instead of sample. The ACE inhibitory activity was measured using the following equation:
ACE inhibitory activity (%) = [(blank absorbance − sample absorbance)/blank absorbance] × 100.
Identification of Peptides in the Hydrolysates
A Dionex U 3000 HPLC system equipped with a Thermo-Finnigan LTQ Orbitrap (ion trap with a nanoelectrospray ionization source, Thermo Scientific) mass spectrometer (MS) was used to identify the peptides in the enzyme hydrolysates. Fractions from HPLC were freeze-dried, reconstituted in solvent A (water/acetonitrile = 98:2, vol/vol, 0.1% formic acid), and then injected into a LC-nano ESI-MS/MS (electrospray ionization-tandem mass spectrometry) system. Samples were first trapped on a Zorbax 300SB-C18 trap column (300 µm internal diameter × 5 mm, 5 µm, 100 Å, part number 5065-9913, Agilent Technologies, Santa Clara, CA) and washed for 6 min with 98% solvent A (water/acetonitrile = 98:2, vol/vol; 0.1% formic acid) and 2% solvent B (water/acetonitrile = 2:98, vol/vol; 0.1% formic acid) at a flow rate of 5 µL/min, and then separated on a Zorbax 300SB-C18 capillary column (75 µm internal diameter × 150 mm, 3.5 µm, 100 Å, part number 5065-9911) at a flow rate of 300 nL/min. The LC gradient was run at 2 to 35% solvent B over 30 min, then from 35 to 90% over 10 min, followed by 90% solvent B for 5 min, and finally 5% solvent B for 15 min. Resulting peptides were electrosprayed through a coated silica tip (FS360-20-10-N20-C12, PicoTip emitter, New Objective, Woburn, MA) at an ion spray voltage of 2,000 eV. Mass data are acquired over the mass range of 400 to 5,000 Da using a proteome discoverer (Thermo-Finnigan).
Statistical Analysis
Data were analyzed with MINITAB16.0 statistical software (Minitab Ltd., Coventry, UK). One-way ANO-VA was used and least significant difference tests were performed for the significant differences (P < 0.05) among means. All trials were replicated 3 times.
RESULTS AND DISCUSSION
Hydrolysis of Ovalbumin
Although ovalbumin belongs to the serpin family due to a loop insertion in the β-sheets, hydrolyzing it with alcalase enzymes was possible (Huntington and Stein, 2001 ). Nevertheless, all alcalase enzymes do not act in the same way. Therefore, different alcalases were tested to hydrolyze the protein. Figure 1 indicated that ovalbumin was hydrolyzed well with 1% pepsin but not with 1% α-chymotrypsin. It showed that using 1% pepsin and 0 h incubation followed by 100°C heat inactivation for 15 min hydrolyzed ovalbumin and produced peptides with a molecular weight ranging from 2 to 10 kDa. On the other hand, α-chymotrypsin and trypsin did not hydrolyze ovalbumin well even after 24 h of incubation (trypsin data not shown). In previous studies, ovalbumin was hydrolyzed using thermolysin, α-chymotrypsin, and pepsin to produce various bioactive peptides (Matoba et al., 1999; Fujita et al., 2000; Miguel et al., 2007 Miguel et al., , 2009 ). Our study indicated that pepsin and papain hydrolyzed ovalbumin to small peptides after incubation at 37°C (Figure 2) , but papain or alcalase alone produced some residual insoluble proteins after heat inactivation, indicating that the use of 1% papain or 1% alcalase alone cannot hydrolyze ovalbumin completely.
Figures 2 and 3 show the 2 enzyme treatments that can be used to hydrolyze ovalbumin to smaller peptides. The best 2-enzyme combinations were 1% pepsin followed 1% alcalase and 1% alcalase followed by 1% trypsin treatments. These 2 combinations produced peptides with molecular weight <2 kDa. Therefore, most of the peptides produced were not retained in the 15% SDS-PAGE gel. Figures 2 and 3 also indicated that pepsin + papain and pepsin + α-chymotrypsin Figure 1 . Sodium dodecyl sulfate-PAGE of ovalbumin hydrolyzed with pepsin and α-chymotrypsin. Lane 1 = marker, lane 2 = ovalbumin (1 mg/mL), lanes 3 to 8 = ovalbumin hydrolyzed with pepsin at 37°C for 0, 3, 6, 9, 12, and 24 h; lanes 9 to 14 = ovalbumin hydrolyzed with α-chymotrypsin at 37°C for 0, 3, 6, 9, 12, and 24 h. Color version available in the online PDF.
combinations also hydrolyzed ovalbumin well and produced peptides with molecular weight <5 kDa. The 2-enzyme treatments were done after adjusting the pH to their optimal conditions. Among all the single (Figure 1 ) and 2-enzyme combination treatments ( Figures  2 and 3) , the hydrolysates of the following 5 enzyme treatments, which include 3 h at 37°C pepsin (OAPe), 3 h at 37°C pepsin and then 3 h α-chymotrypsin at 37°C (OAPeCh), 3 h at 37°C pepsin and then 3 h alcalase at 37°C (OAPeAl), 3 h at 37°C pepsin and then 3 h papain at 37°C (OAPePa), and 3 h at 37°C alcalase and then 3 h trypsin at 37°C (OAAlTr), were selected and tested for their functionalities.
Functional Activities of the Peptides Derived from Ovalbumin
Antioxidant Activity. Recently, whole egg white proteins hydrolyzed with alcalase showed a strong antioxidant activity (Lin et al., 2011) . However, native ovalbumin did not show any activity against oxidation of lipids (Lechevalier et al., 2007) . Graszkiewicz et al. (2007) reported that hydrolysates of lysozyme and cystatin with trypsin showed strong antioxidant activities, but no prior report of ovalbumin or its hydrolysates on antioxidant effects is available. Figure 4 showed that peptides derived from ovalbumin have significant antioxidant activities compared with the control. The oil emulsion samples containing ovalbumin hydrolysates had TBARS values of one-fourth of the control, which does not contain any hydrolysates. Among the treatments, OAAlTr showed the lowest TBARS value, but no significant differences between OAAlTr, OAPePa, OAPeAl, and OACh (P < 0.05) were detected. The hydrolysates of OAPe treatment also showed a significant antioxidant activity, but the antioxidant activity was lower than that of the other four 2-enzyme combinations (P > 0.05).
Metal Chelating Activity. Ovalbumin in natural form does not have a metal binding capability even though it has 2 phosphate groups attached to serine residues (Nisbet et al., 1981) . However, the hydrolyzed products of ovalbumin showed strong iron chelating activities, especially the OAAlTr, showed over 90% iron-chelating activity. Rest of the enzyme treatments produced peptides with over 40 to 60% iron-chelating abilities ( Figure 5A ). If iron is present in a food as Fe 2+ , it can catalyze lipid oxidation (Gutteridge et al., 1982) . The peptides derived from ovalbumin showed high iron chelating activity ( Figure 5A ). Therefore these peptides can act as an antioxidant agent, resulting in low TBARS values (P < 0.05).
Copper-binding ability of the peptides from all 5 treatments was about 50% ( Figure 5B ) and there was no significant difference between the treatments (P > 0.05). Therefore, all 5 treatments can be used as candidates for copper-chelating agents. Grizzuti and Perlmann (1973) also showed Cu 2+ -chelating activity of egg Figure 2 . Sodium dodecyl sulfate-PAGE of ovalbumin hydrolyzed with pepsin followed by alcalase or papain. Lane 1 = marker; lane 2 = ovalbumin (1 mg/mL); lanes 3 to 8 = ovalbumin hydrolyzed with pepsin at 37°C for 3 h, heat inactivation (100°C for 15 min), and then hydrolyzed with alcalase at 37°C for 0, 3, 6, 9, 12, and 24 h; lanes 9 to 14 = ovalbumin hydrolyzed with pepsin at 37°C for 3 h, heat inactivation (100°C for 15 min), and then hydrolyzed with papain at 37°C for 0, 3, 6, 9, 12, and 24 h. Color version available in the online PDF. yolk proteins, but no research has been reported on the Cu 2+ -chelating activity of egg white proteins or their hydrolysates.
ACE-Inhibitory Activity. Peptides derived from ovalbumin were reported to have strong ACE-inhibitory activities. reported Figure 3 . Sodium dodecyl sulfate-PAGE of ovalbumin hydrolyzed with 2 enzyme combinations. Lane 1 = marker; lane 2 = ovalbumin (1 mg/mL); lane 3 = ovalbumin hydrolyzed with 1% pepsin at 37°C for 3 h and heat inactivation (100°C for 15 min); lanes 4 to 9 = hydrolyzed ovalbumin with pepsin at 37°C for 3 h, heat inactivation (100°C for 15 min), and then hydrolyzed with α-chymotrypsin at 37°C for 0, 3, 6, 9, 12, and 24 h; lane 10 = ovalbumin; lane 11 = ovalbumin hydrolyzed with 1% alcalase at 37°C for 3 h; lanes 12 to 17 = hydrolyzed ovalbumin with 1% alcalase at 37°C for 3 h, heat inactivation (100°C for 15 min), and then hydrolyzed with 1% trypsin at 37°C for 0, 3, 6, 9, 12, and 24 h. Color version available in the online PDF. Figure 4 . Graphical expression of TBA reactive substance value of oil emulsion (mg of malondialdehyde/L) of the hydrolysates from ovalbumin (OAP = ovalbumin hydrolyzed with 1% pepsin at 37°C for 3 h; OAC = ovalbumin hydrolyzed with 1% α-chymotrypsin at 37°C for 3 h; OAAlTr = ovalbumin hydrolyzed with 1% alcalase at 37°C for 3 h and then with 1% trypsin at 37°C for 3 h; OAPeAl = ovalbumin hydrolyzed with 1% pepsin at 37°C for 3 h and then with 1% alcalase at 37°C for 3 h; OAPePa = ovalbumin hydrolyzed with 1% pepsin at 37°C for 3 h and then with 1% papain at 37°C for 3 h). Values are mean with SE. Values with different letters (a,b) are significantly different (P < 0.05). Color version available in the online PDF.
that ovalbumin hydrolyzed with pepsin produced several peptides with excellent ACE-inhibitory activities. Peptides with the amino acid sequence of Ile-Val-Phe, Tyr-Arg-Glu-Glu-Arg-Tyr-Pro-Ile, and Arg-Ala-AspHis-Pro-Phe-Leu were identified as the potential target peptides that have strong ACE-inhibitory activities. Also, thermolysin, pepsin, trypsin, and α-chymotrypsin were used to produce similar peptides with the same function (Fujita et al., 2000) . However, nobody has used the combinations of alcalase, papain, pepsin, trypsin, and chymotrypsin to produce ACE-inhibitory peptides using ovalbumin. Even though the there were no significance differences among the treatments, OAPe had the highest ACE-inhibitory activity followed by OACh and OAAlTr ( Figure 6 ). All 5 treatments showed over 50% reduction in hippuric acid after incubation with the hydrolysates, and thus all 5 treatments can be good candidates for ACE-inhibitory agents. Peptides derived from egg white and ovalbumin showed not only ACEinhibitory activity but also antihypertensive activity in vivo (Miguel et al., 2007) . The blood lipid profile in spontaneously hypertensive rats could be controlled by a long-term intake of peptides derived from ovalbumin (Manso et al., 2008) . Therefore, peptides derived from this research may also be used to reduce blood pressure for hypertensive individuals in the future.
Identification of Peptides in the Hydrolysates
The LC-nano ESI-MS/MS potentially identified 92 peptides with the molecular weight range of 400 to 5,000 Da from the pepsin (OAPe), 583 from the α-chymotrypsin (OACh), 181 from alcalase+trypsin (OAAlTr), 133 from the pepsin+alcalase (OAPeAl), and 342 from pepsin+papain (OAPePa) hydrolysis of ovalbumin. The majority of peptides from OAPe (52 out of 81 peptides), OACh (444 out of 583 peptides), OAAlTr (137 out of 181), OAPeAl (127 out of 133), and OAPePa (330 out of 342) were molecular weight smaller than 2 kDa. The OAPeAl and OAPePa treatments produced smaller peptides than other enzyme treatments. Due to extremely large numbers of peptides identified, they were not listed in the manuscript. However, the size and number of peptides produced by each of the enzyme treatment are listed in Table 1 . Many of the peptides had the same amino acid sequences but with different charges or modifications.
In addition to the peptides listed in Table 1 , each enzyme treatment produced numerous peptides from the impurities such as ovotransferrin, ovalbumin-related protein Y, G2 ovoglobulin G2 type AA, G2 ovoglobulin G2 type BB, and phosphoenolpyruvate carboxykinase. The OAPe treatment produced 106 peptides from ovotransferrin (ProtScore 11.83), 40 peptides from ovalbumin-related protein Y (40 peptides, ProtScore 2.23), and 37 peptides from G2 ovoglobulin G2 Type Figure 5 . Graphical expression of Fe 2+ -and Cu 2+ -chelating activity of the hydrolysates from ovalbumin (OAP = ovalbumin hydrolyzed with 1% pepsin at 37°C for 3 h; OAC = ovalbumin hydrolyzed with 1% α-chymotrypsin at 37°C for 3 h; OAAlTr = ovalbumin hydrolyzed with 1% alcalase at 37°C for 3 h and then with 1% trypsin at 37°C for 3 h; OAPeAl = ovalbumin hydrolyzed with 1% pepsin at 37°C for 3 h and then with 1% alcalase at 37°C for 3 h; OAPePa = ovalbumin hydrolyzed with 1% pepsin at 37°C for 3 h and then with 1% papain at 37°C for 3 h). Values are mean with SE. Values with different letters (a-c) are significantly different (P < 0.05). Color version available in the online PDF. Figure 6 . Graphical expression of angiotensin-I-converting enzyme-inhibitory activity of the hydrolysates from ovalbumin (OAP = ovalbumin hydrolyzed with 1% pepsin at 37°C for 3 h; OAC = ovalbumin hydrolyzed with 1% α-chymotrypsin at 37°C for 3 h; OAAlTr = ovalbumin hydrolyzed with 1% alcalase at 37°C for 3 h and then with 1% trypsin at 37°C for 3 h; OAPeAl = ovalbumin hydrolyzed with 1% pepsin at 37°C for 3 h and then with 1% alcalase at 37°C for 3 h; OAPePa = ovalbumin hydrolyzed with 1% pepsin for 3 h at 37°C and then with 1% papain at 37°C for 3 h). Color version available in the online PDF.
AA (ProtScore 1.04); OACh produced 322 peptides from ovotransferrin (ProtScore 8.21), 152 peptides from ovalbumin-related protein Y (7.54), 153 peptides from G2 ovoglobulin G2 type AA (ProtScore 2.79), and 22 peptides from phosphoenolpyruvate carboxykinase (ProtScore 0.71); OAAlTr produced 40 peptides from G2 ovoglobulin G2 type AA (ProtScore 1.20); OAPeAl produced 61 peptides from ovotransferrin (ProtScore 1.66) and 45 peptides from G2 ovoglobulin G2 Type BB (ProtScore 10.22); OAPePa produced 93 peptides from ovalbumin-related protein Y (93 peptides, ProtScore 3.13) and 117 peptides from ovotransferrin (ProtScore 1.71). Some of the peptides identified had high probabilities (ProtScores), whereas others had very low probability scores. Peptides with ProtScores >2.0, >1.3, and >0.47 have >99, >95, and >66% probability, respectively.
All the enzyme hydrolysates had excellent antioxidant and ACE-inhibitory activities, but the Fe-chelating capacity of the hydrolysates differed among enzyme treatments: pepsin treatment (OAPe) had the lowest, pepsin+papain (OAPrPa) and pepsin+alcalase (OAPeAl) treatments had intermediate, and alcalase+trypsin (OAAlTr) and chymotrypsin (OACh) had the highest Fe-chelating capacity. The ACE-inhibitory, antioxidant and iron-chelating activities of the enzyme hydrolysates (Figures 4, 5 , and 6) indicated that the enzymatic hydrolysis of ovalbumin significantly increased the functionality of ovalbumin, and the improvement depended upon the composition of peptides produced rather than the number of peptides produced.
Conclusion
Among the enzyme treatments of ovalbumin, the OAAlTr treatment was the best, followed by OAPeAl treatment in producing peptides with the highest Fe 2+ -chelating and antioxidant activities. The ACE-inhibitory activity was high in all peptides, but OAPe showed the highest activity among them. The enzymatic hydrolysis significantly increased the functionality of ovalbumin, and the improvement depended on the composition of peptides produced rather than the number of the peptides produced. These peptides could be easily produced in laboratory scale, and the time to produce the peptides was less than 4 h. 
